To explore a potential association between preeclampsia and selected birth defects, we examined the prevalence of certain birth defects among women with hypertensive disorders including preeclampsia. We analyzed data from 2,499,536 singleton live births in California from 2007 to 2011, including maternal and infant demographics from birth certificates as well as clinical details from delivery hospitalization records. We examined defect groups that were recognizable at birth (e.g., spina bifida and cleft lip). Hypertensive disorders included preexisting hypertension, gestational hypertension, mild preeclampsia, severe preeclampsia/eclampsia, and preeclampsia superimposed on preexisting hypertension. Relative risk values with 95% confidence intervals for each birth defect were calculated by hypertensive group, as well as independent and joint associations of hypertensive and diabetic disorders. Risks of each type of birth defect were higher among offspring of women with hypertensive disorders compared with those without. The risks of birth defects among offspring of women with only a hypertensive disorder were significantly higher than that among women with neither hypertensive nor diabetic disorders (relative risks ranged from 1.37 to 2.77). Risks of birth defects were highest among those born to women with both hypertensive and diabetic disorders compared with those with neither (relative risks ranged from 1.80 to 6.22). These findings support the existence of an association between preeclampsia and certain birth defects and suggest that diabetes may be a contributing factor. birth defects; hypertension; preeclampsia Abbreviations: BMI, body mass index; CI, confidence interval; RR, relative risk.
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To explore a potential association between preeclampsia and selected birth defects, we examined the prevalence of certain birth defects among women with hypertensive disorders including preeclampsia. We analyzed data from 2,499,536 singleton live births in California from 2007 to 2011, including maternal and infant demographics from birth certificates as well as clinical details from delivery hospitalization records. We examined defect groups that were recognizable at birth (e.g., spina bifida and cleft lip). Hypertensive disorders included preexisting hypertension, gestational hypertension, mild preeclampsia, severe preeclampsia/eclampsia, and preeclampsia superimposed on preexisting hypertension. Relative risk values with 95% confidence intervals for each birth defect were calculated by hypertensive group, as well as independent and joint associations of hypertensive and diabetic disorders. Risks of each type of birth defect were higher among offspring of women with hypertensive disorders compared with those without. The risks of birth defects among offspring of women with only a hypertensive disorder were significantly higher than that among women with neither hypertensive nor diabetic disorders (relative risks ranged from 1.37 to 2.77). Risks of birth defects were highest among those born to women with both hypertensive and diabetic disorders compared with those with neither (relative risks ranged from 1.80 to 6.22) . These findings support the existence of an association between preeclampsia and certain birth defects and suggest that diabetes may be a contributing factor. birth defects; hypertension; preeclampsia Abbreviations: BMI, body mass index; CI, confidence interval; RR, relative risk.
Preeclampsia is a condition that affects 3%-5% of pregnant women in the United States and is traditionally defined as a combination of high blood pressure and proteinuria after 20 weeks of pregnancy (1, 2) . Risk factors include nulliparity, previous occurrence of preeclampsia, obesity, diabetes mellitus, and certain genetic variants (1) . Although it is known that preeclampsia originates in the placenta, the etiology of the disease is not completely understood (1, 3) . The contribution of preeclampsia to preterm birth is substantial (4); however, the adverse effects of preeclampsia on the infant extend beyond those mediated by preterm birth (5) .
The relationship between preeclampsia and one group of adverse neonatal outcomes, structural birth defects, has not been fully explored. Although the clinical presentation of preeclampsia occurs after 20 weeks of pregnancy, beyond the window of fetal development during which structural birth defects form, the underlying pathogenesis is known to start in the first trimester (3). This underlying pathogenesis may also contribute to the birth defects or vice versa. For example, if preeclampsia is caused by insufficient trophoblast invasion during placentation (6), this could take place concurrently or even antecedent to the embryonic timing associated with the formation of structural birth defects, allowing the relationship between preeclampsia and birth defects to be temporally feasible.
Previous work has examined the association between preeclampsia and birth defects. Studies have uncovered positive associations for the presence of birth defects as a possible risk factor for preeclampsia, indicating the possibility of a biological relationship between the 2 health states (7, 8) . Studies have found increased prevalence of a variety of birth defects in infants delivered to women with different types of hypertensive disorders. Previous studies have reported associations of preeclampsia with all types of birth defects combined (9), among only specific types of hypertensive disorders (10, 11) , as well as with certain congenital heart defects (12, 13) .
Although the extant literature suggests a relationship between preeclampsia and structural birth defects, the specific nature of the relationship is still unclear, such as whether all hypertensive disorders or birth defect phenotypes are involved. Utilizing a large database of live births in California, we examined the prevalence of a broad range of birth defects among women with a spectrum of hypertensive disorders, including mild and severe preeclampsia, compared with women without hypertensive disorders. We were also able to utilize the large database to incorporate diabetic disorders. Diabetes (both preexisting and gestational) is a risk factor for preeclampsia (1, 14) and has been associated with birth defects (15) . Therefore, risks were estimated alone and in combination with diabetes to assess if the association differs between those with and without a diabetic disorder.
METHODS

Study population
Data were from the California cohort of singleton live births from 2007 to 2011. Data from the Office of Statewide Health Planning and Development California birth cohort were queried, which contained birth certificate records linked with maternal and infant discharge data. Available information included maternal and infant demographics from the birth certificate and clinical detail from the delivery hospitalization record for nearly all inpatient live births in California, resulting in roughly 2.5 million records (16, 17) . This study was approved by the California State Committee for the Protection of Human Subjects and the Institutional Review Board.
Assessment of maternal and infant factors
Maternal comorbidities and infant birth defects were identified from hospitalization records using the International Classification of Diseases, 9th Revision, Clinical Modification codes. Included comorbidities were preexisting hypertension (codes 401-405, 642.0, 642.1, 642.2, and 642.9), gestational hypertension (code 642.3), mild preeclampsia (code 642.4), severe preeclampsia or eclampsia (codes 642.5 and 642.6), and preeclampsia or eclampsia superimposed on preexisting hypertension (code 642.7). Diabetes was included because of its relationship with preeclampsia and association with birth defects, and the category included preexisting diabetes (type 1 diabetes (codes 250.x1 and 250.x3) and type 2 diabetes (codes 250.x0, 250.x2, and 648.0)) and gestational diabetes (code 648.8). Women with multiple codes were reclassified to allow for mutually exclusive diabetes and hypertension groups. For example, women who had codes for gestational diabetes and preexisting diabetes were reclassified as having preexisting diabetes, women with codes for preexisting hypertension and preeclampsia or eclampsia were classified as having preeclampsia or eclampsia superimposed on preexisting hypertension, women with codes for preexisting hypertension and gestational hypertension were classified as having preexisting hypertension, and women with multiple codes for gestational hypertension and preeclampsia or eclampsia were classified as having the most severe condition.
Because of the likely underreporting of various birth defects not readily observed at birth in these data, we restricted this analysis to a list of birth defects that were readily recognized at birth. Defects included were spina bifida ( We collected additional maternal information which included age, highest level of education attained (some high school or less, high school diploma or equivalent, some college, college graduate or more), prepregnancy body mass index (BMI) (defined as weight in kilograms divided by height in meters squared and categorized based on World Health Organization criteria as underweight (<18.5), normal (18.5-24.9), overweight (25.0-29.9), and obese (≥30.0)), race/ethnicity (nonHispanic white, non-Hispanic black, Asian, Hispanic, or other), parity (nulliparous vs. multiparous), and infant sex. Women were considered outliers if they were outside of the following parameter ranges; age 13-55 years, parity after birth 1-10, weight 75-450 pounds, and height 52-76 inches. Those who were classified as outliers in any of the parameters or who had missing information were not included in the adjusted analyses.
Statistical analyses
Percentages of maternal covariates and infant sex were calculated separately for infants with and without the studied birth defects. Prevalence of each of the selected birth defects was calculated per 10,000 births, overall and by each of the mutually exclusive hypertensive states. This was further stratified by obesity (obese vs. nonobese) and parity (nulliparous vs. multiparous), as obesity and nulliparity are thought to be risk factors for preeclampsia. Relative risks and 95% confidence intervals were then calculated for each birth defect phenotype using Poisson regression with adjustment for infant sex, as well as for maternal race/ethnicity, BMI, height, and educational level after removing records with missing or outlier covariates. Prevalence and relative risks were not calculated for cells containing fewer than 5 cases.
We estimated relative risks and 95% confidence intervals for the independent and joint effects of maternal hypertensive and diabetic disorders on each birth defect phenotype and compared them to the effects in children born to women with neither disorder. To attempt to distinguish the effect of hypertensive and diabetic disorders that were present prepregnancy from those occurring during pregnancy, we repeated this analysis but excluded women with preexisting hypertension or preexisting diabetes. Women with preeclampsia superimposed on preexisting hypertension were also excluded from this analysis. To estimate the joint effects of preexisting diabetes and gestational hypertensive disorders, we repeated the analysis but excluded women with preexisting hypertension and gestational diabetes. Adjusted relative risks were estimated by controlling for infant sex, as well as for maternal race/ethnicity, BMI, height, and educational level after removing records with missing or outlier covariates. Covariates included in the model were selected because they are believed to be potential confounders. All analyses were performed using SAS, version 9.4 (SAS Institute, Inc., Cary, North Carolina).
RESULTS
The study cohort included 2,499,536 live births. Women who delivered infants with the selected birth defects (as an overall group) were similar in age and parity and were slightly more likely than women who delivered infants without selected birth defects to be non-Hispanic white or Hispanic and to be obese, as well as to have a high school diploma or less. Male infants were more frequent than females among the birth defect group (Table 1) .
Among the roughly 2.5 million births, 7% were to women with a hypertensive disorder (prepregnancy or pregnancy) and 3% were to women with preeclampsia. Overall, 7,350 were affected by a selected birth defect phenotype. Among these children with birth defects, 10% were born to women with a hypertensive disorder and 5% were to women with preeclampsia ( Table 1) .
The selected birth defect phenotypes and their population prevalence are shown in Table 2 . We further estimated prevalence of these birth defects among women with and without various definitions of hypertension and preeclampsia ( Table 2 ). The prevalence of each birth defect was higher among women with preexisting hypertension, severe preeclampsia/eclampsia, and preeclampsia superimposed on preexisting hypertension, than among all births. The highest prevalence in each birth defect group was among women with preeclampsia superimposed on preexisting hypertension.
Adjusted relative risks of birth defects are shown in Table 3 . Elevated risks were observed for infants delivered by women with preexisting hypertension. Statistically precise elevated risks were not observed among women with gestational hypertension, except for cases of coarctation of the aorta. Among women with mild preeclampsia, risks were variable; however, elevated risks of birth defect phenotypes were observed among women with severe preeclampsia/eclampsia and preeclampsia superimposed on preexisting hypertension.
We investigated the independent and joint effects of hypertensive and diabetic disorders on the risk of each birth defect phenotype (Table 4) . After adjustment, the risk of many of the studied birth defects in women with only a hypertensive disorder were significantly increased compared with women with neither a hypertensive disorder nor a diabetic disorder. Birth defects included encephalocele (relative risk (RR) = 2.77, 95% confidence interval (CI): 1.56, 4.94), hypoplastic left heart syndrome (RR = 1.63, 95% CI: 1.09, 2.43), coarctation of the aorta (RR = 1.88, 95% CI: 1.42, 2.49), cleft lip with or without cleft palate (RR = 1.37, 95% CI: 1.15, 1.64), and reduction deformities of the lower limb (RR = 1.63, 95% CI: 1.06, 2.51). Compared with women with neither a hypertensive disorder nor a diabetic disorder, women with only a diabetic disorder had higher relative risks of delivering infants with each birth defect phenotype except encephalocele and anomalies of the diaphragm than did women with hypertension alone. The highest relative risks were among women with both a hypertensive and diabetic disorder compared with those with neither (Table 4) , with some as high as 6-fold (encephalocele) and 5-fold (coarctation of the aorta) before and after adjustment. Stratification by obesity (BMI >30) or parity (nulliparous or multiparous) did not reveal substantially different results.
Results that excluded women with preexisting hypertension and preexisting diabetes are shown in Web Table 1 (available at https://academic.oup.com/aje). Among women with gestational hypertensive disorders (gestational hypertension/preeclampsia/eclampsia) only, the risk of each birth defect were similar to those seen for women with only "any hypertensive disorder." Among women with gestational diabetes only, the risk of each birth defect was similar or slightly lower than those observed for women with only "any diabetic disorder", and some were no longer statistically precise. Data for joint effects of gestational disorders were sparse and thus not all joint effects could be calculated. For birth defects for which a joint effect could be calculated, the risk for each birth defect was highest among women with both a gestational hypertensive disorder and gestational diabetes. Results that excluded women with preexisting hypertension and gestational diabetes are shown in Web Table 2 . Risks were higher for women with only "preexisting diabetes" compared with women with "any diabetic disorder." As with the comparison between gestational hypertensive disorders and gestational diabetes, data for joint effects were limited. For most birth defects for which a joint effect could be calculated, the risks were higher than either variable alone. Analyses excluding gestational diabetes and gestational hypertension/preeclampsia were not possible because of sparse data.
DISCUSSION
The present study determined that the prevalence of selected birth defect phenotypes was higher among infants delivered to women with preexisting hypertension, severe preeclampsia/ eclampsia and preeclampsia superimposed on preexisting hypertension. With the exception of spina bifida, transposition of the great vessels, and anomalies of the diaphragm, the prevalence of birth defects was higher among women with mild preeclampsia as well. After adjustment for infant sex, as well as maternal BMI, height, race/ethnicity, and educational level, relative risks for birth defect phenotypes were elevated among women with preexisting hypertension, severe preeclampsia/ eclampsia, and preeclampsia superimposed on preexisting hypertension. We also observed that the relative risks of many of the birth defects were increased among women with either hypertensive disorders or diabetic disorders alone, but highest among women with both diabetic and hypertensive disorders. The risk of delivering an infant with a studied birth defect phenotype for women with both disorders ranged from approximately 1.5-6 times higher than women with neither disorder.
Associations between a variety of hypertensive states and birth defects have also been observed in previous studies. A multi-country survey of women with the spectrum of hypertensive disorders showed similar associations to the present Abbreviations: BMI, body mass index; GED, General Education Development (high school equivalency examination). a Selected birth defects include spina bifida, encephalocele, transposition of the great vessels, tetralogy of Fallot, hypoplastic left heart, coarctation of the aorta, cleft palate, cleft lip with or without cleft palate, reduction deformities of the upper limb, reduction deformities of the lower limb, and anomalies of the diaphragm.
b Values are expressed as means. Age was missing for 4 women who gave birth to an infant without a defect and for 144 women who gave birth to an infant with a defect.
c Weight (kg)/height (m) 2 .
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Select Birth Defects and Hypertensive Disorders 671 study (11) . Among women with preexisting hypertension, the associations were similar for neural tube/central nervous system defects and cardiac defects, and among women with preeclampsia superimposed on preexisting hypertension, associations were similar for cardiac defects (11). To our knowledge, 2 studies have looked at the association between preeclampsia and specific congenital heart defects and have reported similar associations to the present study for severe preeclampsia and coarctation of the aorta (13), as well as preeclampsia and tetralogy of Fallot (12) . A few studies have also explored relationships between hypertensive disorders and birth defects outside of those in the present study and have found positive associations. A study of the range of pharmacologically treated and untreated hypertensive disorders and birth defects observed positive associations between chronic hypertension and esophageal atresia and hypospadias, preeclampsia and hypospadias and ventral septal defects, and preeclampsia superimposed on preexisting hypertension and ventricular and atrial septal defects (18) . A study of pharmacologically treated and untreated hypertension and cardiovascular malformations observed positive associations with many malformations among treated women, as well as positive associations with Ebstein malformation and secundum atrial septal defect among untreated women (19) . Another study also found an association between preeclampsia superimposed on preexisting hypertension and renal dysgenesis, esophageal atresia/stenosis and rectal/anal stenosis (10) . We cannot directly compare our results to these studies because the present study did not include the same birth defect phenotypes.
The present study does not allow us to discern if the observed association is a causal relationship between preeclampsia and birth defects, or to establish if there is a common etiology to both. The exact mechanisms of preeclampsia and most birth defects are unknown. It is believed that preeclampsia begins with abnormal placentation at the beginning of gestation, potentially allowing for a common mechanism or insult to influence the formation of a birth defect (i.e., most human structures are complete in their development by approximately 12 weeks postconception.). Abnormal placentation causes vascular compromise resulting in placental ischemia and oxidative stress (20) . Hypoxia, oxidative stress, and inflammation that eventually lead to the maternal syndrome of preeclampsia may also lead to fetal damage and possibly some birth defect phenotypes. For example, abnormal angiogenesis and placental dysfunction have been hypothesized to be etiologically involved with certain congenital heart defects in offspring (21) . We also observed an increased risk among women with hypertensive disorders to have offspring with limb defects, which were previously hypothesized to have a vascular origin (22) . If these hypothesized mechanisms are correct, early vascular insults and inflammation may be a common etiologic component to both preeclampsia and the birth defects for which we observed an elevated risk. Although this investigation cannot distinguish common from uncommon etiologies in its observed associations, future studies (e.g., studies that target genes potentially pertinent to these outcomes) might be elucidative.
This study has many strengths. By utilizing the Office of Statewide Health Planning and Development, a large database of live births in California, we were able to examine the prevalence and risk of selected birth defects among women with Table 2 . specific maternal hypertensive disorders. Because there may be different mechanisms that underlie different hypertensive disorders or that impact severity, it is important to be able to look at each subgroup individually. Although a few previous studies did include adjustment for diabetes or exclude it in sensitivity analyses (12, 13, 18) , our sample size and data source enabled us to estimate the joint and independent effects of hypertension and diabetes. A limiting aspect of this study that warrants discussion is the use of administrative data. Although the Office of Statewide Health Planning and Development is a large and valuable source of information, there is concern regarding the sensitivity and specificity of discharge diagnoses in such databases. Because of the nature of the discharge record, it is possible that women were misdiagnosed or that their diagnoses were not recorded properly. However, a validation study of obstetric procedures and maternal conditions reported in California hospital discharge data found that diagnoses of preeclampsia had a sensitivity and positive predictive value of approximately 80% (23) . The prevalence of the birth defects studied are also similar to what has been reported elsewhere when using more rigorous ascertainment methods (24) .
Another potential limitation is the inclusion of infants with other types of birth defects in the group of infants classified as being without the selected birth defects. However, given that such defects are rare, the impact on the association would be minimal and the direction of any bias would tend to result in attenuation of observed results.
Surveillance bias is another potential limitation, given that women with preeclampsia often deliver preterm and may be monitored more closely. Birth complications such as birth defects may be ascertained more fully in women with preeclampsia than those without. Differential ascertainment of defects could cause an inflated measure of risk if ascertainment is more complete in women with preeclampsia. Women who are known to be carrying a fetus with a birth defect may also be monitored more closely and may have their comorbidities ascertained more fully as well, thus causing an inflated measure of risk.
Although our analysis attempted to examine the independent and joint effects of preexisting diabetes or gestational diabetes with gestational hypertensive disorders separately, limited sample sizes hampered inferences regarding joint effects for many of the studied birth defects. Thus, we chose to combine gestational diabetes and preexisting diabetes. This may have resulted in weaker associations between diabetes and studied birth defects because the magnitude of association has been observed to be higher for preexisting diabetes than gestational diabetes (15) . We considered the addition of gestational diabetes appropriate because of previous observations of associations between gestational diabetes and certain birth defects (15) . Similarly, a previous study observed an increased risk for tetralogy of Fallot, one of the studied defects, with elevated (but below overt diabetes) blood glucose in the second trimester (25) .
In summary, prevalence of selected birth defect phenotypes were higher in offspring of women with hypertensive disorders. Looking at the joint effects of both hypertension and diabetes, the relative risk of many of the birth defects were increased with hypertensive and diabetic disorders, independent of the other, but the greatest risk was seen for the infants of women with both disorders. Future research should examine the proposed mechanisms of preeclampsia that may explain its association with birth defects. The contribution of diabetes should also be considered when studying potential mechanisms because the joint effect of diabetes and hypertension is greater than either independently.
